ABSTRACT Genetic parameters of breast meat characteristics [pH 15 min postmortem (pH 15min ), ultimate pH (pHu), CIELAB color parameters (L*, lightness; a*, redness; b*, yellowness) and drip loss (DL)] as well as their genetic correlations with BW and body composition [breast yield (BRY) and abdominal fat percentage (AFP)] were estimated in an experimental meat-type chicken line. Heritability of the pH of meat was high for pHu (0.35 ± 0.03) and even more so for pH 15min (0.49 ± 0.01). Color parameters appeared to be the most heritable traits, with heritability values ranging from 0.50 to 0.57. Drip loss heritability was estimated at 0.39 ± 0.04. The rate and the extent of pH decline seemed to be controlled by different genes, as shown by the extremely low estimated genetic correlation (0.02 ± 0.04) between pH 15min and pHu. The ultimate pH of the meat was genetically very strongly related to its lightness (−0.91 ± 0.02) and water-holding
INTRODUCTION
Poultry meat production has been very dynamic over the last decade with an annual increase in the world production of 8. 3% between 1987 (Mandava and Hoogenkamp, 1999 . Poultry now occupies the second place in the world meat production, just after pork. At the same time, the marketing of poultry has been greatly diversified with a significant increase in joints (parts) and processed products. As reported by Mandava and Hoogenkamp (1999) , further-processed products accounted for 39.5% of the production of broilers in the USA in 1998. The success of poultry production has been strongly related to improvements in growth and carcass yield, mainly by increases in breast proportion and reductions in abdominal fatness. As the heritabilities of body weight and body composition traits are high, selection 2001 Poultry Science Association, Inc. Received for publication July 11, 2000. Accepted for publication March 19, 2001. 1 To whom correspondence should be addressed: lebihan@tours. inra.fr. 839 capacity (−0.83 ± 0.04). These results suggest that selection for pHu could be exploited to prevent increased incidence of pale and exudative meat. The pH 15min was poorly correlated with the other meat characteristics, with estimated correlations of 0.13, −0.23, 0.05, and −0.29 for L*, a*, b*, and DL, respectively. These results may be explained by the fact that, in our experimental conditions, pH 15min remained high (between 6.01 and 6.75). Body weight and BRY exhibited poor genetic correlations (ranging from −0.06 to 0.13) with the pH of the meat at 15 min and 24 h postmortem. Both of the former traits were moderately negatively correlated with a* and b* values. A significant negative genetic correlation was observed between abdominal fatness and pHu. These results do not support the idea that selection for growth and breast development has a detrimental effect on breast meat quality even if, in the long term, the color intensity could be decreased.
has largely contributed to improve these traits (Jego et al., 1995; Le Bihan-Duval et al., 1998) . The effect of such selection on the processing quality of poultry meat needs to be investigated. Indeed, as the proportion of processed products is growing, meat quality will have a major impact on the development of poultry production, especially for high quality products in which supply of food additives is limited.
Variations in pH significantly affect the storage and the processing quality of the meat, by modifying its waterholding capacity and rheological properties (Kijowski and Niewiarowicz, 1978; Barbut, 1997a; Daum-Thunberg et al., 1992) . Low pH meat is characterized by its low water-holding capacity and poor technological quality and is usually referred as pale, soft, and exudative (PSE) meat (Kijowski and Niewiarowicz, 1978; Barbut, 1997b) . High pH meat, known as dry, firm, and dark (DFD), presents a poor storage quality due to a faster rate of offAbbreviation key: AFP = abdominal fat percentage; BRY = breast yield; DL = drip loss; L* = lightness; pH 15min = pH 15 min postmortem; pHu = ultimate pH; PSE = pale, soft, and exudative; a* = redness; b* = yellowness. odor production and accelerated microbiological growth (Allen et al., 1997) . In contrast to pork, very little is known about poultry on the impact of genetics on muscle pH and subsequent meat quality. The existence of genetic variability was suggested by studies comparing the meat quality of various chicken lines. Differences in the rate of pH decline between five commercial chicken strains were reported (Gardzielewska et al., 1995) ; however, in this study, no attempt was made to relate these observations to growth performance or muscle metabolism. In a recent study, Berri et al. (2001) compared breast meat metabolism of experimental and commercial chicken lines and observed that it had been modified by selection for growth and body composition. Estimates of the genetic parameters were obtained in chicken for ultimate pH and color and suggested a predominant role of genetics in the control of these traits (Le Bihan-Duval et al., 1999) . However, the accuracy of the estimation of these genetic parameters was limited, as this study was performed on a small data set (n = 231 birds). Thus, the aim of the present work was first, with data from 1,076 chickens, to provide more reliable estimates of the genetic parameters of the utlimate pH and color variables and of their genetic correlations with growth and body composition. Second, this study was enlarged to include additional meat traits, that is, the rate of pH decline and the drip loss, which also largely determine the processing quality of poultry meat.
MATERIALS AND METHODS

Animals
Birds originated from an experimental meat-type chicken line improved over 16 generations for high BW and breast yield (BRY) as well as low abdominal fat percentage (AFP). The method of selection was detailed by Le Bihan-Duval et al. (1998) . Briefly, future parents were evaluated at each generation on the basis of their own performance for BW and the performances of their sibs for body composition. A special hatch was reared and dissected at 6 wk of age to measure BRY and AFP, expressed as a ratio of live BW. Meat characteristics were measured from the thirteenth generation for ultimate pH (pHu), lightness (L*), redness (a*), and yellowness (b*) or from the fifteenth generation for pH 15 min postmortem (pH 15min ) and drip loss (DL). A control, unselected line was kept in parallel in order to improve the estimate of the efficiency of selection. After 15 generations, BRY was 21% higher, BW 6% higher, and AFP 33% lower in the selected line in comparison to the control.
Birds used in this study were reared under similar conditions in a conventional poultry house at the Avian Research Center, Nouzilly, France. Feed and water were provided ad libitum throughout the growth period. after feed withdrawal, in an experimental processing plant. Birds did not undergo transport and were electrically stunned before killing. After evisceration, whole carcasses were stored for 1 d at 4 C until used.
Carcass and Meat Characteristics
Carcasses were dissected 24 h postmortem and breast meat (pectoralis major and pectoralis minor) and abdominal fat weights and yields were measured. Yields were calculated in relation to live body weight. All measurements of meat characteristics were performed on the pectoralis muscle.
Muscle pH was recorded with a portable pH meter 2 equipped with a xerolyte electrode. A 2-g sample was removed from the anterior area of the right p. major muscle and mixed in 18 mL of iodoacetate (5 mM) at 15 min postmortem, and the electrode was inserted into the anterior area of the left muscle at 24 h postmortem. Color was measured 24 h postmortem on the ventral side of the anterior part of the left p. major muscle, by using a Miniscan Spectrocolorimeter.
3 Color is reported in the CIELAB system values of L*, a* and b*.
At 1 d postmortem, the left p. major muscle was excised, weighed, and stored at 2 C in a sealed polystyrene container. At 6 d postmortem, the muscle was removed from its container, wiped, and weighed to evaluate the DL expressed as a percentage of the initial muscle weight.
Estimation of the Genetic Parameters
The data set included a total of 1,076 observations for pHu, L*, a*, and b* (recorded from the thirteenth generation) as well as 598 and 585 observations for pH 15min and DL, respectively (recorded from the fifteenth generation). In order to take the selection background into account and its effects on body weight and body composition, all the data available from the beginning of the selection were considered in the genetic analysis, that is, a total of 10,094 records for BW, 2,977 for BRY, and 2,968 for AFP.
Genetic parameters were computed by VCE4 software (Groeneveld, 1997) using a multivariate analysis and the restricted maximum likelihood methodology. The analyses were performed with the model y = X 1 β 1 + X 2 β 2 + Zu + Wm + e where y is the vector of performance (up to 10,094 levels), β 1 and β 2 are vectors of the fixed effects of the hatch (34 levels) and sex, u is the vector of the animal genetic effects (10,311 levels), m is the vector of the environmental maternal effects (1,211 levels), and e is the vector of the residuals. Maternal effects were taken into account only for growth and body composition traits. X 1 , X 2 , Z, and W are the incidence matrices corresponding to β 1 , β 2 , u, and m, respectively. Descriptive statistics including the tests of normality were calculated by the UNIVARIATE procedure of SAS software (SAS Institute, 1989). 
RESULTS AND DISCUSSION
Genetic Parameters of Meat Characteristics
As reported in Table 1 , pHu, b*, and DL showed skewed distributions. After corrections for the hatch and sex effects, residuals for pHu and b* showed more normal distributions, with skewness of 0.22 and kurtosis of 0.29 for pHu, and skewness of 0.16 and kurtosis of 0.23 for b*. By contrast, the distribution of the residuals for DL was still far from normal with skewness and kurtosis equal to 0.52 and 1.12, respectively. A Box-Cox transformation (Box and Cox, 1964 ) was therefore applied to DL. The optimum parameter of the transformation was found to be equal to +0.2, which resulted in the skewness and kurtosis of residuals estimated at 0.06 and 0.15, respectively. Estimated genetic parameters are reported in Table  2 . They refer to the genetic variability in Generation 0, as the pedigree and phenotypic data were included for all the birds. Approximate SE of the genetic parameters estimates were small, ranging from 0.01 to 0.04 for the heritabilities and from 0.02 to 0.07 for the genetic correlations. The SE were notably lower than in the previous genetic analysis of pHu and color parameters (Le Bihan-Duval et al., 1999) , in which approximate SE were between 0.04 and 0.11 for the heritabilities and between 0.05 and 0.11 for the genetic correlations.
Meat traits showed significant levels of heritabilities, with estimates ranging from 0.35 to 0.57. The drip loss showed a higher heritability value after the Box-Cox transformation (0.39 vs. 0.30). Heritability of pH meat was high for pHu (0.35) and even more so for pH 15min (0.49). As suggested in our previous genetic analysis (Le Bihan-Duval et al., 1999) , color parameters were the most heritable meat traits, with heritabilities ranging from 0.50 to 0.57. Although breast muscle contains only white, fasttwitch fibers (Remignon et al., 1996) , it is interesting to note that a rather broad variation of the color was observed. This degree of variation was especially true for L* values, which varied between and within generations and ranged from 43.4 to 58.5.
The estimated genetic correlation between pH 15min and pHu was found to be equal to zero, indicating that the rate and the extent of the pH fall may be controlled by different genes. The ultimate pH is chiefly determined by the initial glycogen reserves of the muscle at the time of slaughter, whereas the rate of pH fall is mostly dependent on the activity of glycolytic enzymes just after death (Bendall, 1973) . Moreover, Larzul et al. (1999) reported that in pigs the in vivo glycolytic potential, which is representative of the glycogen reserves of the muscle (Monin and Sellier, 1985) , was genetically strongly related to pHu (-0.63) but not to pH at 30 min postmortem (0.07).
A very strong, negative genetic correlation (−0.91) was found between pHu and L* value of the meat, whereas the former appeared to be moderately negatively correlated to b* value (−0.43) and poorly to a* value (0.14). These results showed more marked genetic correlations between pHu and L* and b* values than those estimated by Le Bihan-Duval et al. (1999) (−0.65 and −0.11, respectively) . A very strong negative genetic correlation (−0.83) was also found between pHu and DL. Several studies with phenotypic observations of broilers have concluded that the pH of the meat is significantly correlated with its color, with, consistently, a very high negative correlation between pHu and L* [ranging from −0.636 to −0.79 in studies by Allen et al. (1997) , Barbut (1997b) , and Fletcher (1999) ]. Moreover, Barbut (1997b) reported that the relationships between final meat pH and water-holding capacity and between color and force to penetration of the cooked meat were also quite significant (0.85 and −0.76, respectively). Breast meat samples with L* values greater than 49 showed poor water-holding capacity and, according to this author, could be classified as PSE-like meat. The present study showed that pHu was also highly genetically correlated with L* and DL of the meat. Therefore, selection for pHu could be a means of preventing an increased incidence of pale and exudative meat. Such selection could be based on measurements of meat L* value, because this criterion, although strongly correlated with pHu (−0.91), showed a higher heritability (0.50 vs. 0.35).
The measure of pH 15min was poorly correlated with color (estimated correlations ranging from −0.23 to 0.13) and with DL (−0.29), although the rate of pH decline is usually considered as a major factor contributing to meat quality. Under extreme conditions, a very rapid glycolysis leads to PSE meat. However, under our experimental conditions, the values of pH 15min ranged between 6.01 and 6.75, i.e., at much higher levels than the threshold of 5.7 suggested by Kijowski and Niewiarowic (1978) for characterizing PSE meat of broiler. This finding was corroborated by a low DL (1.5% on average). As reported by Sosnicki et al. (1998) , the ultimate cause of the PSE syndrome is not known, although it appears that the rapid glycolysis results from the combination of antemortem stress sensitivity and a predominantly glycolytic metabolism. Under our experimental conditions, preslaughter stress was minimized as birds did not, for example, undergo transport and were not exposed to high temperatures. For the range of variation we observed, the rate of pH decline did not appear to be a determining factor of meat quality. However, further investigations are needed to describe the combined effect of preslaughter conditions and genotypes of the birds on the rate of postmortem glycolysis, in breast as well as thigh muscles.
Genetic Relationships Between Meat Characteristics and Growth or Body Composition
The measure of pH 15min was poorly correlated with growth and muscle development as well as with abdominal fatness. The estimated genetic correlations between pHu and BW or BRY were also very low, which confirmed the conclusions of our preliminary analysis (Le BihanDuval et al., 1999) . The same trends were observed for the meat traits strongly linked to pHu, that is, L* and DL. Breast pHu showed a significant negative genetic correlation with abdominal fatness (−0.54), whereas L* and DL were positively correlated with this body composition trait (0.50 and 0.29, respectively). BW, BRY, and AFP exhibited poor to moderate negative genetic correlations with a* and b*.
On the basis of these results, selection for growth and muscle development would not alter the pH of the meat but should slowly modify its color by decreasing the a* and b*. The latter finding is consistent with previous phenotypic observations on broilers (Le Bihan-Duval et al., 1999) , turkeys (Santé et al., 1991) , and ducks (Baéza et al., 1997) , which showed a significant decrease in color intensity in high performance compared to less selected genotypes. Berri et al. (2001) showed that these differences are at least partly due to a decrease in the heaminic pigment content of the pectoralis major muscle. According to the study of Santé et al. (1991) with the turkey, the rate of pH decline and the incidence of PSE-like meat tend to be higher in a high performance line than in the slow growing line. By contrast, Berri et al. (2001) observed a lower rate and extent of postmortem pH decline in two lines of broilers improved for BW and conformation by comparison to their respective unselected control lines. Our results do not provide clear evidence for explaining these trends, as the estimated genetic correlations between pH and growth and conformation were poor. However, the selection against abdominal fatness applied in the experimental line considered in this study might have contributed to its higher pHu.
This study indicated that the major contributing factors to meat quality were heritable. Ultimate pHu and L* were strongly linked and correlated with DL of the raw meat. Because of their high heritabilities, these criteria could be very valuable for selection. Increasing pHu (or decreasing L*) should contribute to improve the water-holding capacity of the meat. However, selection for high pHu should be restricted to avoid a higher incidence of dry, firm, and dark meat, which shows the necessity of a strict definition of breeding objectives for selecting meat quality. Definitions may vary with the value of each strain for meat quality as well as with the market it is intended for (fresh or processed products). Estimated genetic correlations between breast meat characteristics and BW or breast yield were rather poor. These results do not support the idea that selection has a negative impact on meat quality, as often suggested by the literature or processing plant observations. Furthermore, they also suggest that including meat quality in the breeding scheme would have a small effect on improvement of growth characteristics through unfavorable genetic correlations.
